The transcription of genes located in subtelomeric regions of yeast chromosomes is repressed relative to the rest of the genome. This repression requires wild-type nucleosome levels but not the telomere silencing factors Sir2, Sir3, Sir4, and Rap1. Subtelomeric heterochromatin is characterized by the absence of acetylation or methylation of histone H3 lysine residues, but it is not known whether histone H3 hypoacetylation or hypomethylation is a prerequisite for the establishment of subtelomeric heterochromatin. We have systematically mutated the N-terminal tails of histone H3 and H4 in Saccharomyces cerevisiae and characterized the effects each mutant has on genome-wide expression. Our results show that subtelomeric transcriptional repression is dependent on the histone H3 N-terminal domain, but not the histone H4 N-terminal domain. Mutating lysine-4, lysine-9, lysine-14, lysine-18, lysine-23, and lysine-27 to glycine in histone H3 is also sufficient to significantly reduce subtelomeric gene repression. Individual histone H3 lysine mutations, however, have little effect on subtelomeric gene repression or genome-wide expression, indicating that these six lysine residues have redundant functions. We propose that acetylation and methylation of histone H3 N-terminal lysine residues act as redundant mechanisms to demarcate regions of euchromatin from heterochromatin.
T HE packaging of DNA with histones into nucleotelomere-binding proteins Rap1 and yeast Ku (Lustig 1998; Luo et al. 2002) . Sir2 is a NAD-dependent histone somes and higher-order chromatin structures has profound effects on transcription initiation (Horn and deacetylase (HDAC) that deacetylates lysine-16 of histone H4, among other residues (Imai et al. 2000; Landry Peterson 2002; Narlikar et al. 2002; Grewal and Moazed 2003) . Genomic chromatin structure is orgaet al. 2000) . Since Sir3 binds preferentially to unacetylated H4 lysine-16 (Carmen et al. 2002) , the Sir2 nized into regions of heterochromatin and euchromatin HDAC activity allows the Sir complex to spread along by a cadre of chromatin-modifying enzymes. Heterochromatin up to 6-8 kb away from the telomere (Kimura chromatin is characterized by a compact chromatin et al. 2002; . Sir complex spreading is structure that is inaccessible to DNA-binding proteins opposed by the Sas2 and, to a lesser extent, the Esa1 (Grewal 2000) , including components of the transcriphistone acetyltransferases (HATs; Kimura et al. 2002 ; Suka tion machinery. Genes located in heterochromatin are et al. 2002) . These HATs acetylate lysine-16 of H4 in eutranscriptionally silenced, irrespective of their own prochromatin, so as to make Sir3 binding unfavorable. moter sequences (Moazed 2001) . Heterochromatin is Recent functional genomics studies have identified a also distinguished by distinct patterns of post-translanovel heterochromatin domain adjacent to telomeres tional histone modifications (Jenuwein and Allis 2001;  in Saccharomyces cerevisiae. These subtelomeric or HAST Richards and Elgin 2002) . Each of the four core his-(Hda1-affected subtelomeric) domains extend 10-25 kb tone proteins (H2A, H2B, H3, and H4) is post-translafrom the telomere end (Robyr et al. 2002) . Genes lotionally modified at multiple residues in vivo. These cated in these domains are transcriptionally repressed modifications include acetylation of lysine residues, methwhen yeast are grown in standard glucose media. DNA ylation of arginine and lysine residues, phosphorylation microarray analysis has revealed that the repression of of serine residues, and ubiquitination of lysine residues subtelomeric genes is dependent upon local nucleo-(Iizuka and Smith 2003).
some structure, but is independent of Sir2, Sir3, Sir4, The link between histone modifications and heteroor Rap1 function (Wyrick et al. 1999) . Acetylation michromatin has been best established at yeast telomeres.
croarray experiments have determined that these subtelSir2, Sir3, and Sir4 are recruited to telomeres by the omeric domains are characterized by hypoacetylation of histone H3 residues through the activity of the Hda1 HDAC (Bernstein et al. 2002; Robyr et al. 2002) . How-1 at the rDNA locus and at telomeres (Nislow et al. 1997;  the same primers and cloned into the pRS316 vector to give Briggs et al. 2001; Bryk et al. 2002; Krogan et al. 2002) .
plasmid pJL002.
However, a direct role for lysine-4 methylation in telo-
The QuikChange kit (Stratagene, La Jolla, CA) was used to meric, subtelomeric, or rDNA silencing has yet to be mutate histone H3 lysine-4 to glycine and lysine-27 to glycine in plasmids pJL001 and pJL002. Oligos OJLW1 (CTCCACAAT established (Bernstein et al. 2002) .
GGCCAGAACTGGACAAACAGCTAGAAAATCC) and OJLW7
To determine the functional role of histone hypoace- type strains, the cRNA was hybridized to a set of four Ye6100 oligonucleotide arrays (Affymetrix) and scanned as described elsewhere (Wodicka et al. 1997) . The cRNA from all other strains was hybridized to a single S98 genome oligonucleotide MATERIALS AND METHODS array and scanned following standard protocols. Intensities Strains, media, and growth conditions: A complete list of were captured using GeneChip software (Affymetrix) and a yeast strains is given in As a comparison, the pattern of subtelomeric gene Histone H3 N-terminal domain is required for the expression in a histone H4 mutant strain (K5,8,12,16G) repression of subtelomeric genes: Whole-genome Affymetrix oligonucleotide arrays were used to investigate was analyzed in a similar manner in Figure 2B . The ; and (C) histone H3 K9,14,18,23G mutant strains. Genes within 40 kb of a telomere were ordered as a function of their distance from a telomere. The fraction of genes that were upregulated in the mutant strain relative to wild type and the average distance from a telomere were plotted for each sliding 50-gene window. The genome expression data for the nucleosome depletion and the sir2⌬ mutant strains (Wyrick et al. 1999) were included for comparison. Nucleosome depletion upregulates the expression of telomereproximal and subtelomeric genes; sir2⌬ upregulates the expression of telomere-proximal genes but not subtelomeric genes.
histone H4 mutant strain appears to have major effects were used to profile the genome expression changes in a histone H3 K9,14,18,23G mutant. Each of these lysine on the expression of genes within 10 kb of a telomere end, similar to the effects seen in the sir2⌬ strain. This residues is acetylated in yeast (Roth et al. 2001; , and mutation of all four lysine residues to result is consistent with the current model that Sir2 acts to silence telomere-proximal genes by deacetylating glycine leads to loss of telomeric silencing in S. cerevisiae (Thompson et al. 1994) . Analysis of replicate samples lysine-16 in histone H4. The histone H4 mutant did not have significant effects on subtelomeric gene expression.
revealed that the mRNA levels of 44 genes were upregulated and the mRNA levels of 14 genes were downreguThese results indicate that subtelomeric gene repression requires the histone H3 N-terminal domain, but lated in the histone H3 K9,14,18,23G mutant strain relative to wild type. Only two of the upregulated genes does not require the four acetylated lysine residues in the histone H4 N-terminal domain. Intriguingly, other were located in the subtelomeric region. The overall pattern of subtelomeric gene expression was analyzed studies have shown that lysine-9, lysine-14, and lysine-18 in the histone H3 N-terminal domain are preferentially in Figure 2C . This analysis shows that the histone H3 K9,14,18,23G mutant does not have significant effects hypoacetylated in subtelomeric heterochromatin (Bernstein et al. 2002; Robyr et al. 2002) . This correlation on subtelomeric gene expression, indicating that these four lysine residues alone are not required for the resuggests that hypoacetylated lysine residues in the N-terminal domain of histone H3 may be required for subtelpression of subtelomeric genes. Two other modified lysine residues are present in the omeric gene repression.
Genome-wide expression analysis of histone H3 lysine histone H3 N-terminal tail. Lysine-27 has recently been shown to be acetylated by Gcn5 and Elp3 (Suka et al. mutants: To test this hypothesis, oligonucleotide arrays 2001; Kristjuhan et al. 2003) , and lysine-4 is methylated mutant had similar effects on subtelomeric gene expression, the genome expression data for each of these by Set1 (Briggs et al. 2001; Roguev et al. 2001) . Wholegenome oligonucleotide arrays were used to examine mutants were compared using a telomere distance plot. As shown in Figure 4 , the profile of upregulated genes the effects of mutating lysine-4 and lysine-27 to glycine, both singly and in combination with the K9,14,18,23G as a function of distance from the telomere is similar for the histone H3 ⌬(4-30) and K4,9,14,18,23,27G mutants. mutation. Figure 3 shows the complete list of mutations examined and the numbers of genes up-and downreguThis analysis confirms the observation that mutating lysine-4 and lysine-27 in combination with lysine-9, lylated in each mutant strain. To estimate the false-positive error rate in these data sets, data sets from four sine-14, lysine-18, and lysine-23 in histone H3 leads to an induction of subtelomeric gene expression that is similar wild-type strains were analyzed in the same manner as the experimental data sets. Only 1 of 6064 genes repreto the effect of deleting amino acids 4-30 in histone H3.
Comparison of genome-wide expression profiles for sented on the oligonucleotide array was identified as changing significantly in the wild-type to wild-type comhistone H3 lysine mutants: To determine the contributions of the H3 lysine residues to genome-wide expression, parisons, indicating a very low false-positive rate.
Overall, 312 genes were upregulated in at least one we compared the sets of genes upregulated in each histone H3 mutant strain. As shown in Figure 5A , the sets of genes of the six mutant strains listed in Figure 3 , and 62 genes were downregulated in at least one of the six mutant upregulated in the histone H3 K4G and K9,14,18,23G mutants are small subsets of the set of genes upregulated strains. The list of upregulated genes showed significant enrichment of genes involved in vitamin metabolism in the combined histone H3 K4,9,14,18,23G mutant. This analysis indicates that lysine-4 and one or more of lysine-9, (P ϭ 2.1 ϫ 10 Ϫ9 ), carbohydrate metabolism (P ϭ 1.7 ϫ -14, -18, and -23 have redundant roles in repressing the 10 Ϫ7 ), and carboxylic acid metabolism (P ϭ 7.4 ϫ 10 Ϫ7 ).
transcription of 181 genes. A similar pattern is seen in The list of downregulated genes showed significant en- Figure 5B . The sets of genes upregulated in the histone richment of genes involved in pheromone response (P ϭ 2.0 ϫ 10
Ϫ6
). meric heterochromatin and genome-wide expression. First, we have shown that the histone H3 N-terminal domain is uniquely required for subtelomeric gene re-H3 K27G and K9,14,18,23G mutants are primarily subsets of the genes upregulated in the combined histone pression. Second, mutating H3 lysine-4, -9, -14, -18, -23, and -27 to glycine mimics the effect of the H3 N-terminal H3 K9,14,18,23,27G mutant, indicating that lysine-27 and one or more of lysine-9, -14, -18, and -23 have redundeletion on subtelomeric gene repression. Third, H3 lysine-4, -9, -14, -18, -23, and -27 have redundant funcdant functions in repressing the transcription of 68 genes.
Effects of histone H3 lysine mutants on subtelomeric
As shown in Figure 5C , there is a large degree of overtions in repressing the transcription of genes located in subtelomeric regions and elsewhere in the genome. lap between the genes upregulated in the histone H3 K4,9,14,18,23,27 and H3 K4,9,14,18,23G mutants. A total These findings suggest a model for the role of histone H3 lysine residues in subtelomeric transcriptional reof 57% of the genes upregulated in the K4,9,14,18,23G mutant overlap with 72% of the genes upregulated in pression, which is discussed later in this section. Distinct roles for histone H3 and H4 in yeast heterothe K4,9,14,18,23,27G mutant (P ϭ 2.1 ϫ 10 Ϫ161 ). The effect of mutating lysine-4 in combination with the other chromatin: We find that the mRNA levels of telomereproximal genes are induced by N-terminal mutations two sets of mutations is examined in Figure 5D . There Figure 5 .-Functionally redundant roles for histone H3 lysine residues in transcriptional regulation. Venn diagrams were used to compare the sets of upregulated genes among the following mutants: (A) histone H3 K4G; K9,14,18,23G; and K4, 9,14,18,23G; (B) histone H3 K27G; K9,14,18,23G; and K9, 14,18,23,27G; (C) histone H3 K4,9,14,18,23G and K4,9, 14,18,23,27G; and (D) histone H3 K9,14,18,23,27 and K4,9,14,18,23,27G . The size of the circles is proportionate to the number of genes upregulated in each mutant strain. The degree of overlap between the two circles is proportionate to the number of genes that are upregulated in both mutant strains.
in histone H3 or H4, in accord with previous studies own, however, had no affect on subtelomeric gene ex- (Aparicio et al. 1991; Thompson et al. 1994) . In conpression and little affect on genome-wide expression. trast, we find that mRNA levels of subtelomeric genes Only when lysine-4 was mutated in combination with are induced by N-terminal mutations in histone H3 but lysine-9, -14, -18, and -23 was a significant effect seen not by N-terminal mutations in histone H4. These findon subtelomeric gene expression. These results indicate ings indicate that the histone H3 N-terminal domain that lysine-4 and lysine-9, -14, -18, and -23 have redunplays a unique role in the repression of genes located dant functions in repressing the transcription of genes in subtelomeric heterochromatin. located in subtelomeric regions and elsewhere in the These results, taken together with previous studies of genome. the silent mating loci, reveal that S. cerevisiae employs a
Our data indicate that lysine-27 also plays an imporsurprising diversity of mechanisms to silence the trantant role in subtelomeric heterochromatin. The histone scription of genes in heterochromatin. Transcriptional H3 K27G mutation had a small but significant effect on repression of the silent mating loci requires the N-termisubtelomeric gene expression. While the histone H3 nal domain of histone H4 but not histone H3 (Kayne lysine-27 residue is acetylated in yeast, in higher eukaryet al. 1988; Morgan et al. 1991 ; Mann and Grunstein otes it is also methylated. Intriguingly, lysine-27 methyla-1992); repression of subtelomeric genes requires the tion has been shown to play a key role in X inactivation N-terminal domain of histone H3 but not histone H4;
and heterochromatin formation in mammalian cells and repression of telomere-proximal genes requires (Plath et al. 2003) . both histone H3 and H4, although histone H4 appears
The histone H3 K9,14,18,23G mutation alone had to play a more important role. Each of these distinct little affect on subtelomeric or telomeric gene represheterochromatin domains appears to require a specific sion. This finding is at odds with a previous study that pattern of histone modifications for regulating gene indicated that the H3 K9,14,18,23G mutation resulted expression, as specified by the histone code hypothesis.
in a substantial loss of telomeric silencing, as measured We have also examined the role of the N-terminal using a 5-fluoroorotic acid sensitivity assay (Thompson tails of histone H2A and H2B in subtelomeric gene et al. 1994) . Since the observed effect on telomeric sirepression. Our results indicate that deletion of the lencing in the H3 K9,14,18,23G mutant strain was sighistone H2A N-terminal tail [H2A ⌬(4-20)] leads to a nificantly less than the effects seen in a Sir2 deletion or small but significant effect on subtelomeric repression, histone H4 mutation (Thompson et al. 1994) , it is possiwhile deletion of the histone H2B N-terminal tail [H2B ble that this silencing defect was not significant enough ⌬(3-32)] has no effect on subtelomeric repression (M.
to be detected in the DNA array assay. In addition, Parra and J. Wyrick, unpublished data). Interestingly, the previous study measured the silencing effects for a these results appear to mirror the effects seen on telosingle, artificially constructed telomere, while our remeric silencing for each of these N-terminal deletions sults measured the effects on all 32 wild-type telomeres. (Thompson et al. 1994; Wyatt et al. 2003) .
Functional redundancy between histone H3 lysine resGenome-wide analysis of histone H3 lysine mutations:
idues: Our data demonstrate that individual lysine-to-glyOur results indicate that mutating lysine-4, -9, -14, -18, cine mutations (such as K4G and K27G) had little effect -23, and -27 to glycine is sufficient to significantly reduce on genome-wide expression, while combinations of lysubtelomeric gene repression. The H3 K4,9,14,18,23,27G sine-to-glycine mutations (such as K4,9,14,18,23G and mutation also leads to the derepression of telomere-proxi-K9,14,18,23,27G) had large and synergistic effects on mal genes, although not to the same extent as that seen genome-wide expression. This observation is reminisfor subtelomeric genes. Since the H3 K4,9,14,18,23,27G cent of the signaling network model of chromatin mutation does not affect the expression of any known (Schreiber and Bernstein 2002) . silencing genes, it is likely that the effect on subteloThe signaling network model of chromatin argues meric gene expression is a direct consequence of the that the behavior of post-translational histone modificahistone H3 N-terminal mutations. Overall, the histone tions resembles that of receptor tyrosine kinase signaling H3 K4,9,14,18,23,27G mutation resulted in an increase (Schreiber and Bernstein 2002) . A prediction of this in the mRNA levels for 180 genes and a decrease in the model is that individual histone modifications would have mRNA levels for 33 genes, indicating that the six lysine redundant effects on transcription initiation. This preresidues in the histone H3 N-terminal domain function diction is based in part on a study by Grunstein and primarily to repress transcription. This finding is consiscolleagues (Durrin et al. 1991) , which showed that sintent with previously published microarray data for a gle lysine mutations in the N-terminal domain of histone histone H3 ⌬(1-28) mutant strain (Sabet et al. 2003) .
H4 had little effect on GAL1 transcription, while mutatLysine-4 appears to play a key role in subtelomeric ing three or all four acetylated lysine residues in histone gene repression. Only mutants that contained the K4G H4 resulted in a significant decrease in GAL1 transcripmutation showed maximal induction of subtelomeric tion. Our data indicate that lysine residues in the histone gene expression and maximal induction of genomewide expression. The histone H3 K4G mutation on its H3 N-terminal tail act redundantly to repress gene tran- We propose that a repressor protein binds specifically to unmethylated and unacetylated lysine residues in the N-terminal tail of histone H3. Repressor binding is thereby restricted to subtelomeric regions and other chromosomal regions where histone H3 is both hypoacetylated and hypomethylated. The solid circle represents lysine-4 methylation and the blue box represents lysine-9, -14, -18, -23, and -27 acetylation. scription and provide evidence in support of the signalsubtelomeric regions). A similar model has been proposed to explain the role of histone H3 lysine-79 methylation ing network model of chromatin.
in telomeric silencing (van Leeuwen and Gottschling A model for subtelomeric gene repression: In higher 2002). eukaryotes, methylation of lysine-9 and -27 in histone H3
Mutating lysine residues to glycine completely rehas been linked to heterochromatin formation (Lachner moves the lysine side-chain and thus should eliminate and Jenuwein 2002; Plath et al. 2003) . S. cerevisiae, howany potential interaction with a repressor protein. However, lacks these heterochromatin specific post-translaever, since each of the unacetylated and unmethylated tional modifications. Our data indicate that lysine-4, lysine residues in the histone H3 N-terminal tail can -9, -14, -18, -23, and -27 in histone H3 are required for serve as a potential binding site for the repressor prosubtelomeric gene repression, yet none of these lysine tein, all of these lysine residues would need to be muresidues is frequently post-translationally modified in tated to glycine to eliminate subtelomeric gene repressubtelomeric heterochromatin. Lysine-4 is hypomethylsion. This prediction of the model fits nicely with our ated in subtelomeric heterochromatin and is hyperarray data, since maximal loss of subtelomeric represmethylated in the coding regions of active genes (Bernsion is seen only when we mutate H3 lysine-4, -9, -14, stein et al. 2002) . The other histone H3 lysine residues -18, -23, and -27 to glycine, and single mutations, such are hypoacetylated in subtelomeric heterochromatin as K4G, have no effect on subtelomeric repression. (Bernstein et al. 2002; Robyr et al. 2002) , but are hyperThis model also predicts that deletion of the Set1 acetylated in euchromatin, particularly in promoter rehistone methyltransferase would lead to the derepresgions (Bernstein et al. 2002) .
sion of subtelomeric genes. In a SET1 deletion strain, We propose that methylation and acetylation of hisunmethylated lysine-4 would be present in euchromatin tone H3 act as redundant mechanisms to demarcate and would serve as a potential binding site for the represregions of euchromatin from heterochromatin in S. ceresor protein. According to the model, this would result visiae. In this model, hypomethylated and hypoacetylated in a redistribution of the repressor protein from subtelohistone H3 lysine residues play a direct role in establishmeric regions to euchromatin, leading to the upregulaing repressive subtelomeric heterochromatin. While the tion of subtelomeric genes, as has been reported (Bernmechanism for this repression is unknown, in Figure  stein et al. 2002 ). 6 we hypothesize that unacetylated and unmethylated An alternative model is that the histone H3 K4,9,14, lysine residues may function as binding sites for one or 18,23,27G mutation might disrupt subtelomeric heteromore repressor proteins. Methylation or acetylation of chromatin by altering the electrostatic charge of the the target lysine residues would disrupt their interaction histone H3 N-terminal tail. Previous studies have sugwith the repressor proteins, just as acetylation of lysinegested that positively charged lysine residues may play 16 in histone H4 disrupts binding of Sir3 in telomeric an important role in histone-DNA and histone-histone heterochromatin (Carmen et al. 2002; Kimura et al. 2002; interactions (Wolffe and Hayes 1999) . Hence, disrupSuka et al. 2002) . For this reason, the repressor protein tion of these interactions through mutation of histone would be restricted to chromosomal regions in which H3 lysine residues could directly disrupt subtelomeric heterochromatin. This model cannot completely exhistone H3 is hypomethylated and hypoacetylated (e.g., for growth but essential for repressing the silent mating loci in plain our results since lysine-4 (which is methylated) yeast. Cell 55: 27-39. is also required for depression of subtelomeric genes. Future studies will allow us to determine which of these functions as a shield against gene silencing. Nat. Genet. 32: 370-models is correct and to determine the identity of the 377.
postulated repressor proteins. It will also be interesting 
